Fifteen lines of Brassica napus were resynthesized via ovule culture through 24 interspeci®c crosses between four Brassica oleracea and three Brassica campestris accessions. The degree of success in the interspeci®c crosses was signi®cantly in¯uenced by maternal genotypes. The interspeci®c hybrid production rate (HPR) varied with combinations from 0 to 76.9%, with a mean HPR of 24.7% for the crosses with B. campestris as the female parent and 6.9% for the crosses with B. oleracea as female parent. Twenty-four crosses between seven natural and six resynthesized B. napus gave, on average, 10.3 seeds per pod, and ranged from 1.2 to 22.0 seeds per pod, depending on genotypes of both parents. Resynthesized lines of B. napus showed high erucic acid content and variable content of linolenic acid, ranging from 3.4% to 9.9%. The fatty acid composition in hybrid seeds between natural and resynthesized B. napus was dominated by the embryo genotypes; an additive mode was shown for erucic acid and positive over-dominance for linolenic acid content.
Genetic variation is limited in the existing germplasm of oilseed Brassica napus (2n 38, AACC). Resynthesis of B. napus through interspeci®c crosses between B. campestris (2n 20, AA) and B. oleracea (2n 18, CC) makes it possible to expand the gene pool of oilseed B. napus considerably. In various breeding programmes, resynthesized B. napus has enabled the transfer of properties such as earliness (Akbar 1989) , self-incompatibility (Gemmell et al. 1989) , yellow seed coat (Chen and Heneen 1989a) , low linolenic acid (Heath and Elizabeth 1997) , atrazine resistance and male sterility (Jourdan et al. 1989) . The release of the oilseed cultivar`Norde' in Sweden (Olsson and Ellerstrom 1980) demonstrated how successful an appropriate introduction of resynthesized rapeseed can be in breeding programmes. Resynthesized B. napus provides not only various gene sources from B. campestris and B. oleracea but also potential germplasm for heterosis utilization in rapeseed breeding (KraÈ ling 1987) .
Since resynthesis of B. napus was ®rst reported by U (1935), many more sexual hybrids have been produced by a number of researchers using a variety of methods, such as grafting, mixed pollination, style excision, chemical treatment and embryo rescue techniques (Namai et al. 1980, Heath and Earle 1996) . Many such attempts did not yield hybrids, especially in the crosses involving B. oleracea as the female parent and without the use of embryo rescue or other treatment to increase the chances of hybrid recovery (Namai et al. 1980 , Inomata 1993 . However, the transfer of speci®c genes is frequently associated with transfer of whole alien chromosome segments that may have undesirable traits or deleterious eects 1 (KraÈ ling 1987, Sharma and Gill 1983) . In wheat, transference of genes from the diploid or tetraploid species carrying homologous genomes was associated with the reduction or even total loss of a character because of inhibition or other type of epistasis (Kerber and Dyck 1973) . Little information has been available about linkage drag and epistatic eect on fatty acid composition in the process of gene transfer through resynthesis of B. napus. Intensive studies have been made in recent years on inheritance and breeding of fatty acids in oilseed Brassica species, but very little information has been available on the fatty acid composition in seed oil of resynthesized B. napus and in hybrids between natural and resynthesized B. napus.
In a series of studies, attempts have been made to enhance the degree of success in resynthesis of B. napus and to use the resynthesized B. napus in rapeseed breeding. In previous papers, we have shown that the best interspeci®c hybrid production rate (HPR) could be obtained via ovule culture, especially for crosses with B. oleracea as the female parent (Takeshita et al. 1980 , Zhang et al. 2001 . In this paper, we report the eects of parental genotypes on interspeci®c hybrid production and on crossability between resynthesized and natural B. napus, and survey the change of fatty acid composition in resynthesized B. napus and in hybrids between resynthesized and natural B. napus.
Materials and Methods
Plant materials: Plant materials used in the present experiment are listed in Table 1 . Three cultivars of B. campestris (2n 20, AA) and four cultivars of B. oleracea (2n 18, CC) were collected from China, Japan and Germany, respectively 2 ; they are generally cultivated as vegetables in these countries. They vary largely in morphology, and in duration of growth but they also contain one or more characteristics potentially useful for rapeseed breeding, as well as special markers such as purple stems (A 15 A 15 , C 13 C 13 ), white¯owers (C 11 C 11 ), very short growth duration (A 17 A 17 ) and concentrated trichomes (A 16 A 16 ). The natural B. napus cultivars, provided by the Laboratory of Genetics, Jiangxi Agricultural University, China, are all registered high-yielding rapeseed cultivars with varied erucic acid content. Table 2) . For each combination, 24±80 interspeci®c crosses were made and a total of 24 cross-combinations were made.
In order to study the crossability between resynthesized and natural B. napus and the inheritance of genes from B. oleracea and B. campestris, seven natural rapeseed cultivars were emasculated and pollinated with six resynthesized lines of B. napus in a 7´6 factorial cross design (Table 3 ). For each cross combination, 40±60 crosses were made on three separate plants.
Method of resynthesis:
Resynthesized lines of B. napus were achieved via interspeci®c crosses followed by ovule culture, colchicine treatment and sel®ng by bud pollination, according to the procedure described by Zhang et al. (2001) .
After counting the somatic chromosome number, the S 2 individuals with 2n 38 were selected as pollen donors for crosses with natural B. napus and their seeds were subjected to fatty acid analysis.
Fatty acid analysis:
Seeds from all the parental materials, the resynthesized lines and the F 1 hybrids between natural and resynthesized lines were subjected to analyses of fatty acid composition. The fatty acid content of the seed oil was measured by gas chromatography of the fatty acid methylesters according to the protocol described by Momotaz et al. (2000) . For each accession, 10 single seeds, sampled from three to ®ve plants, were analysed and the average data were put to statistical analysis. Fatty acid content was expressed as per cent of total fatty acid content.
Data analysis: Ovule production rate was recorded as the average number of ovules in one ovary at days 18±20 after pollination. HPR was recorded as the number of interspeci®c hybrid plants recovered via ovule culture from 100 crosses.
In order to determine the eects of parental genotypes on HPR and on crossability between natural and resynthesized B. napus, data from the factorial crosses for HPR and for crossability between resynthesized and cultivated B. napus were processed through a two-way analysis of variance without replicates. In order to elucidate the dominant direction of each fatty acid in hybrid seeds between the cultivated and resynthesized B. napus, the original fatty acid content (%) data were transformed by arcsine and subjected to a pairwise t-test for the dierence between the hybrid seeds and their parental values, i.e. value of the female parent, male parent, midparent, high-value parent and low-value parent.
Results

Eect of parental genotypes on production rate of interspeci®c hybrids
Twenty-four reciprocal cross combinations were made according to 3´4 and 4´3 factorial cross designs between three B. campestris and four B. oleracea accessions. In total, 985 buds were emasculated and pollinated for the 24 cross-combinations; 2133 ovules were obtained from 20 cross-combinations and they were all inoculated. From 16 cross-combinations, 263 ovules germinated and produced seedlings; 119 plants were then obtained from 15 cross-combinations. The interspeci®c HPR varied with combinations from 0 to 76.9% (Table 2 ). The average HPR was 24.7% for B. campestris´B. oleracea and 7.0% for B. oleracea´B. campestris, respectively. The highest HPR was obtained from the crosses A 15 A 15´C13 C 13 (76.9%) and A 15 A 15´C11 C 11 (76.0%) when B. campestris was female, and obtained from C 13 C 13´A15 A 15 (23.7%) and C 11 C 11Á 15 A 15 (22.6%) when B. oleracea was used as the female parent. Analysis of variance revealed that there is a signi®cant dierence in HPR among female parents in both directions of the crosses, but it was not signi®cant among male parents (Table 4 ). The progeny mean of a female parent for HPR ranks as A 15 A 15 (55.4%) > A 17 A 17 (14.2%) > A 16 A 16 (4.5%) and C 13 C 13 (15.7%) > C 11 C 11 (11.5%) > C 14 C 14 (0.8%) > C 12 C 12 (0.0%). According to Duncan's multiple comparison test on the progeny mean of the female parents, signi®cant dierences in HPR were found between A 15 A 15 and A 16 A 16 , C 13 C 13 and C 14 C 14 and between C 13 C 13 and C 12 C 12 , but not between others. Some genotypes such as A 16 A 16 and C 14 C 14 had the lowest mean HPR as either female or male parent and some such as C 12 C 12 had a high mean HPR when used as the male parent but a low mean HPR when used as the female parent. A 15 A 15 produced the highest mean HPR both when used as male and as female parent. 
Correlation analysis revealed that high HPR was closely associated with high ovule production rate (r 0.848**), but not signi®cantly correlated with ovule germination rate (r 0.154).
Crossability between natural B. napus and resynthesized B. napus Forty-two cross combinations were made between seven natural B. napus and six resynthesized B. napus accessions by arti®cial pollination (Table 3) . A total of 1508¯owers of natural B. napus were emasculated and pollinated with resynthesized B. napus. On average, 8.9 seeds per pollination, 10.3 seeds per pod and 80% pod setting were obtained. Numbers of hybrid seeds varied with combinations from 1.2 to 22.0. According to the analysis of variance, highly signi®cant dierences were detected both in female and male parents ( Table 4 ). The best general combiners for crossability werè Ganyou no. 12' (N 5 ) for female parents and C 13 C 13 A 15 A 15 for male parents (Table 3) .
Composition of fatty acids in resynthesized B. napus, progenitor species and hybrids between natural and resynthesized B. napus Fatty acid composition was analysed in seeds of the resynthesized B. napus, the diploid progenitors and the hybrids between natural and resynthesized B. napus (Table 5 ). All the diploid parents, either B. campestris or B. oleracea, were high in erucic acid content. The resynthesized lines also showed high erucic acid contents. The highest erucic acid content was 58.1%, found in C 13 C 13 A 15 A 15. All the diploid parents except C 14 C 14 contained ca. 10% linolenic acid. The resynthesized lines varied in linolenic acid content from 3.4 to 9.9%, with an average of 7.4%. The lowest linolenic acid content was found in A 17 A 17 C 11 C 11 . In the other resynthesized lines, such as A 15 A 15 C 11 C 11 , C 11 C 11 A 15 A 15 and A 15 A 15 C 13 C 13 , a relatively low linolenic acid content (< 7%) was also detected.
The natural B. napus cultivars contained various levels of erucic acid, but all were high in linolenic acid content (Table 5 ). After pollination with resynthesized B. napus, the xenia seeds showed signi®cant change in fatty acid composition (Table 5) . A comparison of fatty acid content between the xenia hybrid seeds and the various parental values (high-value parent, low-value parent, mid-parent and female parent) revealed that dierent fatty acids changed in dierent modes (Table 6  3 ). In xenia seeds, palmitic acid content was close to the low-value parent (negative dominance mode); oleic acid was between the low and the mid-parent values (negative and partial dominance mode); linoleic acid was close to the highvalue parent (positive dominance mode); linolenic acid was higher than the high-value parent at the 0.01 level of signi®cance (positive over-dominance mode); eicosenoic acid was higher than the high-value parent at the 0.01 signi®cance level when the low erucic acid parent was involved (positive over-dominance mode) and close to the high-value parent when the low erucic acid parent was not involved (positive dominance mode); erucic acid is intermediate between the two parents (additive mode). The erucic acid content dominated the pattern of fatty acid composition. The change in erucic acid content was always accompanied by a change in oleic and eicosenoic acids (Table 5 ). In the cultivated B. napus with low erucic acid content especially, the eicosenoic acid increased and the oleic acid decreased signi®cantly with the increase of erucic acid due to pollination with resynthesized B. napus. Eicosenoic acid content is highest when the erucic acid is intermediate. No accompanying change was found in linolenic acid content with erucic acid.
Discussion
Interspeci®c hybrids between B. campestris and B. oleracea were dicult to obtain through routine sexual crosses (Olsson 1960) . Ovary culture techniques have helped considerably in increasing the hybrid success frequency (Inomata 1993 ), but it is not ecient in crosses involving B. oleracea as the female parent (Namai et al. 1980 , Inomata 1993 . Ovule culture has proved ecient in obtaining the interspeci®c hybrids in both cross directions (Takeshita et al. 1980 , Zhang et al. 2001 , although the HPR has varied considerably according to the combination. In this experiment, 24 combinations were tried but only 15 cross-combinations were successful in obtaining hybrid seeds 4 ( Table 2 ). The hybrid production rate varied from 0 to 76.9%, depending on the cross combinations. The genotype of the maternal parent played an important role (Tables 2 and 4 ). Signi®cantly higher HPR was obtained from the crosses with B. campestris as the female parent ( 
from B. oleracea cv.`KWV' (C 12 C 12 ) and cv.`KDWF' (C 14 C 14 ) as female parents (Table 2) . B. campestris cv.`Kosaitai' (A 15 A 15 ), B. oleracea cv.`Kairan' (C 11 C 11 ) and B. oleracea cv.`KDBF' (C 13 C 13 ) showed signi®cantly higher ovule production rate and HPR than other cultivars. Signi®-cant maternal in¯uence on the interspeci®c crossability was also noticed by other researchers in Brassica (Olsson 1960 , Matsuzawa 1983 ) and in Triticum species (Sharma and Gill 1983) . Matsuzawa (1983) showed that interspeci®c crossability was improved by using varieties with low self-incompatibility as the female parent. The hybrid production rate in combinations A 15 A 15´C11 C 11 and A 15 A 15´C13 C 13 reached up to 76.9% and 76.0%, respectively, and that in C 11 C 11´A15 A 15 and C 13 C 13´A15 A 15 reached up to 22.6% and 23.7%, respectively 5 , best in both cross directions compared with the published data available (Namai et al. 1980 6 , Heath and Earle 1996) . All these parents are self-compatible, in accordance with the ®ndings of Matsuzawa (1983) . Since ovule culture is ecient not only for the cross with B. campestris as female but also for the cross with B. oleracea as the female parent, the introduction of cytoplasm from B. oleracea into B. napus becomes possible.
Results showed that crossability between natural and resynthesized B. napus was signi®cantly in¯uenced by both parents (Table 3) . Since male parents also had a highly signi®cant eect, the gene(s) responsible for the crossability between natural and resynthesized B. napus should be gametophytic. The resynthesized B. napus (such as C 11 C 11 A 15 A 15 , C 13 C 13 A 15 A 15 ) derived from the progenitors with high HPR and high ovule production rate (such as C 11 C 11, C 13 C 13, and A 15 A 15 ) also showed higher seed fertility at sel®ng (Zhang et al. 2001 ) and higher crossability with natural B. napus (Table 4 ). It might be that the same genes control the crossability both for interspeci®c and intraspeci®c crosses. In general, the crossability between natural and resynthesized B. napus is high, indicating that gene transfer into cultivated B. napus through resynthesis of B. napus is feasible and convenient.
Introgression of genes from B. oleracea and B. campestris into B. napus through resynthesis of B. napus is always accompanied by a change in fatty acid composition. According to extensive investigations into the Brassica germplasm collections, all the naturally occurring Brassica species contain high erucic acid and show very limited variation in fatty acid composition (RoÈ bbelen and Thies 1980) . It was shown that a high content of erucic acid in A-and C-genome species can be achieved in resynthesized B. napus and passed in an additive mode to cultivated B. napus (Tables 5 and 6 ). In this experiment, all the resynthesized lines contained erucic acid levels higher than 50% and most of the resynthesized B. napus was even higher in erucic acid content than their mid-parental values. Chen and Heneen (1989b) showed that high erucic acid content was due to partial epistasis or hypostasis in the interspeci®c crosses. LuÈ hs and Friedt (1995) reported that high erucic acid lines were successfully produced during the resynthesis of B. napus. It appears that a high erucic acid content can be obtained through resynthesis of B. napus and introduced into cultivated B. napus. This aspect may be attractive for the development of varieties with high erucic acid content for industrial uses.
A reduced level of linolenic acid is the ultimate goal for plant breeders since it is easily oxidized, which results in taste impairment. Genetic variation for reduced linolenic acid content is very limited both in current breeding populations and in the extensive Brassica germplasm collections currently available (RoÈ bbelen and Thies 1980). Resynthesized B. napus showed wider variations in linolenic acid than their parental species (Table 5) . Relatively low contents of linolenic acid were constantly found in resynthesized lines of B. napus. The resynthesized line A 17 A 17 C 11 C 11 , which is low in linolenic acid content, was produced from high linolenic acid parents. Resynthesized lines with linolenic acid lower than both parents can also be found in the results of Chen and Heneen (1989b) , LuÈ hs and Friedt (1995) and Heath and Elizabeth (1997) . In other interspeci®c hybrids, such as allohexaploids between Brassica carinata and Sinapis species (Momotaz et al. 2000) , relatively low linolenic acid was also recorded. It would appear that low linolenic acid germplasm can be produced through the synthesis of allopolyploids. However, when the resynthesized line A 17 A 17 C 11 C 11 was crossed with natural B. napus with a high linolenic acid, all the xenia seeds showed a higher content than even the natural B. napus parents (positive overdominance) (Tables 5 and 6 ). It has been reported that the concentration of linolenic acid in triacylglycerol is determined by nuclear and cytoplasmic gene interaction, whereas linolenic acid in monogalactosyl diacylglycerol is determined by cytoplasmic factors (Diepenbrock and Wilson 1987) . It is possible that the low linolenic acid content in the resynthesized B. napus might be derived from the disturbance of a nuclear±cytoplasm relationship and that the high linolenic acid content in xenia seeds might be due to the recovery of this disturbed relationship and due to a maternal eect. The genetic mechanism of low linolenic acid content in resynthesized B. napus is being investigated further in the ensuing experiments.
